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ProtochlorophyllideFluorescencemicrospectroscopy observationswere used to study the processes of cell differentiation and assem-
blies of photosynthesis proteins in Zea mays leaves under the greening process. The observations were done at
78 K by setting the sample in a cryostat to avoid any undesired progress of the greening process during themea-
surements. The lateral and axial spatial resolutions of the system were 0.64 μm and 4.4 μm, respectively. The
study revealed the spatial distributions of protochlorophyllide (PChld) in both the 632-nm-emitting and
655-nm-emitting formswithin etiolated Zeamays leaves. The sizes of theﬂuorescence spots attributed to the for-
mer were larger than those of the latter, validating the assignment of the former and latter to the prothylakoid
and prolamellar bodies, respectively. In vivo microspectroscopy observations of mature Zea mays leaves con-
ﬁrmed the different photosystem II (PS I)/photosystem I (PS II) ratio between the bundle sheath (BS) andmeso-
phyll (MS) cells, which is speciﬁc for C4-plants. The BS cells in Zea mays leaves 1 h after the initiation of the
greening process tended to show ﬂuorescence spectra at shorter wavelength side (at around 679 nm) than
the MS cells (at around 682 nm). The 679-nm-emitting chlorophyll-a form observed mainly in the BS cells
was attributed to putative precursor complexes to PS I. The BS cells under 3-h greening showed higher
relative intensities of the PS I ﬂuorescence band at around 735 nm, suggesting the reduced PS II amount in the
BS cells in this greening stage.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
When angiosperms are germinated under dark, the seedlings have
leaves with a pale yellow color. Cells in these “etiolated” leaves contain
etioplasts, which are precursors to the chloroplasts and accumulate a
late chlorophyll (Chl) intermediate, protochlorophyllide (PChld). Since
the accumulation of Chl is requisite for the accumulation ofmost of pho-
tosynthetic proteins, their content in an etioplast is generally limited at a
very low level [1–4]. Irradiation to an etiolated seedling induces the
greening process, throughwhich photosynthetic apparatuses are devel-
oped. The mechanisms of coordinated biogenesis and assemblies of thellide; EM, electron microscope;
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dle; PSF, point spread function;
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.
l rights reserved.photosynthesis proteins during the greening process largely remain to
be established.
Early studies using electron microscopes (EMs) have clariﬁed tem-
poral changes in the microscopic morphology of etioplasts during the
greening process [5–8]. These studies have shown that an etioplast con-
tains a particle called a prolamellar body (PLB) with a typical diameter
of several hundreds of nanometers. The studies have also identiﬁed an-
other membranal structure in an etioplast called prothylakoid (PT),
which radially extends from PLB. PLB and PT are composed of a contin-
uous membrane system containing PChld, several kinds of lipids, and
polypeptides. They are both precursors to the thylakoid membrane.
During continuous illumination, the granular structure of PLB dimin-
ishes within several hours [5] and the mature thylakoid membrane is
formed in 24 h to 96 h [9,10].
Since the pioneeringwork by Shibata [11], studies using the ﬂuores-
cence spectroscopy have been powerful tools to identify the assembly
intermediates of photosynthetic pigment-protein complexeswith char-
acteristic spectral properties during the greening process [10,12,13].
Most PChld contained in an etioplast is in either of two formswith emis-
sion maxima at 632 nm (PChld632, hereafter) and 655 nm (PChld655,
hereafter) [14,15]. The latter is known to be the photoactive form and
is considered to be comprised of the PChld aggregated form involving
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conversion of PChld. A short ﬂash illumination to an etiolated leaf
causes an immediate transformation of the photoactive PChld655 into
chlorophyllide, as observed from the rapid emergence of the ﬂuores-
cence peak at 688 nmand concomitant decrease of the 655-nm ﬂuores-
cence band [16]. This primary event is followed by parallel ﬂuorescence
peak shifts to 695 nm and to 675 nm. The major ﬂuorescence band at
695 nm then shows a shift to 682 nm under dark, which is known as
the Shibata shift [11,16,17].
Recent genetic studies using mutant screenings of cyanobacteria,
green algae, and higher plants have identiﬁed an increasing number
of auxiliary proteins assisting the assemblies of photosynthetic pro-
teins [18–20]. These studies are shedding light on a complicated reg-
ulation network of these auxiliary proteins ensuring the coordinated
biogenesis of photosynthetic proteins. Biochemical analyses have
also been conducted to clarify the sequences of the assembly steps
involving these auxiliary proteins [21–23]. According to Rokka et al.
[21], the ﬁrst detectable intermediate of the photosystem II (PS II)
assembly is composed of D1–D2–Cytb559, i.e., the complex called
the PS II-reaction center (RC). The core antenna subunit CP47 is
then assembled into the complex, and the assemblies of CP43 and
other small subunits follow. There have been only a limited number
of reports about the assembly intermediates of photosystem I (PS I).
Ozawa et al. [23] succeeded in purifying an intermediate assembly
complex of PS I comprising subunits PsaA to Psa F and some other
small subunits. An auxiliary protein, Ycf4, was found to be involved
in the PS I assembly intermediate [22].
The optical microscope that can resolve the localization of each
assembly intermediate mentioned above will be a powerful tool to
reveal the intracellular temporal sequence of the assembly steps of
photosynthetic proteins. Such microspectroscopic studies will help
integrate the accumulated knowledge about the intermediate assem-
bly forms, the dynamical morphology changes observed by EM, the
auxiliary proteins, and their network during the greening process.
PChld655 and PChld632 have been assigned to be respectively emitted
from PLB and PT based on measurements of the ﬂuorescence spectra
of biochemically isolated PLB and PT [24]. Spectral measurements
of the intact etiolated leaves with an optical microscope will give a
direct validation of the above assignment. Several research groups
have shown that the localization of PS II within granal regions of a
chloroplast can be spatially resolved with optical microscope tech-
niques using confocal excitation [25,26] and two-photon excitation
[27]. Nevertheless, there have been only limited studies using an
optical microscope technique to study the light-induced development
of the photosynthetic systems in etioplasts [28,29]. Major difﬁculties
in applying microspectroscopy to observations of leaves under the
greening process are in the rapid developments of etiolated leaves
under light, which make detailed spectroscopic measurements criti-
cally difﬁcult.
To apply the microspectroscopic technique to observations of the
maturation process during the greening process, we carried out micro-
scope observations of etiolated leaf specimens at cryogenic temperatures
to suppress any undesired development of the photosynthetic systems
during measurements. We used a conventional laser-scanning confocal
microscope equipped with an optical cryostat and a polychromator.
The samples were sectioned leaves from etiolated or greening seedlings
ofmaize, Zeamays, which is known to be a C4-plant. Leaves of a C4-plant
have differentiated bundle sheath (BS) and mesophyll (MS) cells
containing chloroplasts with different PS II/PS I ratios. The BS cells of a
C4-plant have signiﬁcantly low PS II contents, which ensure their efﬁ-
cient CO2 ﬁxation in the Calvin cycle because the activity of Rubisco is
highly sensitive to the oxygen partial pressure. The microscope set-up
in the present study has sufﬁcient spatial resolution to resolve the BS
andMS cells. Thus, selective observations of the BS cells will give oppor-
tunities to observe the development of PS I with reduced interferences
with PS II components.2. Materials and methods
2.1. Organisms and growth conditions
Etiolated Zea mays seedlings were grown on vermiculite moistened
with tap water for eight days in the dark at 18 °C. Mature maize seed-
lings were grown in 8-day cycles of a regime of 14 h in the light at
23 °C and 10 h in the dark at 21 °C. Greening of etiolated leaves was
triggered by irradiation of 11,000-lx stationary light from a ﬂuorescent
lamp to an etiolated 8-day-old Zea mays seedling. Leaf sections were
prepared by slicing the ﬁrst leaves of the seedlings with a razor blade.
The etiolated-leaf sections were prepared in the dim green light from
an LED (LM-D2426G, ASAHI-DENKI, Osaka) to avoid any light-induced
transformation during the specimen preparation.
Five-to-ten leaf sections were suspended in an aquatic solution
supplemented with 67% (v/v) glycerol as antifreeze. The suspension
was then sealed in a cavity between two quartz windows in a home-
made copper sample holder, set in a ﬂow-type cryostat (Microstat, Ox-
ford Instruments, Eynsham), and cooled to 78±1 K by a continuous
cold nitrogen ﬂow. The cryostat was set on the stage of a conventional
laser-scanning confocal microscope (Nanoﬁnder, Tokyo Instruments,
Tokyo). The sample temperature was measured with a chromel-gold/
iron thermocouple ﬁxed on the surface of the sample holder. Measure-
ments at the cryogenic temperature practically arrest the development
of the greeningprocess in etiolated and greening samples. They also pre-
vent the occurrence of pigments in the samples from the photo-damage
caused by intense laser irradiations.2.2. Microspectroscopy set-up
The frequency-doubled light at 445 nm from a mode-locked Ti:
sapphire laser (MaiTai, Spectra-Physics, Mountain View) was used as
an excitation light. The pulse duration and repetition rate of the laser
were about 110 fs and 80 MHz, respectively. The typical excitation
power used was 15 μW. A pair of galvano-mirrors was used for the
scanning of the laser focus point on the sample. The laser light was fo-
cused onto the sample with an objective lens (Plan Fluor ELWD ×40,
numerical aperture (NA) 0.60, Nikon, Tokyo). The ﬂuorescence was
collected with the same objective lens, passed through a dichroic mir-
ror and a long-pass ﬁlter, and focused onto the entrance slit of the
polychromator. The ﬂuorescence signal was detected using a cooled
back-illuminated CCD detector (DU420-BV, Andor Technology, Bel-
fast). The pixel size was 1 μm×1 μm unless it is explicitly stated. The
accumulation time for each pixel was 20 ms for greening and mature
leaf sections, while it was 100 ms for etiolated-leaf sections to obtain
sufﬁcient signal/noise ratio due to their weak emission. Fluorescence
images will be shown with neither de-convolution nor interpolation
between pixels throughout this article.
In the present set-up, each pixel in a ﬂuorescence image does not
contain full spectrum information, instead includes the integrated
counts over up-to 3 independent spectral ranges that can be arbitrari-
ly selected. When we measure a full ﬂuorescence spectrum emitted
from a selected position on a ﬂuorescence image obtained before-
hand, the galvano-mirrors were manipulated to move the laser spot
as desired. The ﬂuorescence spectrum obtained as above was attribut-
ed to the limited volume in the sample that has almost the same size
as that of the point spread function (PSF) of the system. Hereafter, we
call this type of ﬂuorescence spectra “microscopic ﬂuorescence spec-
tra”. The spatial resolution of the present set-up is deﬁned as the full
width at half maximum (FWHM) of PSF and was experimentally esti-
mated from microscope observations of ﬂuorescent beads with a di-
ameter of 0.2 μm spin-coated on a cover glass. The spatial resolution
depended on the size of the confocal pinhole set at the entrance of
the polychromator. In the present study, we used the square pinhole
with a size of 0.03 mm. The lateral and axial spatial resolution of the
Fig. 1. Typical ﬂuorescence microscope images of a sectioned mature Zea mays leaf moni-
tored in the PS II ﬂuorescence region (680–690 nm) (A) and in the PS I ﬂuorescence region
(725–735 nm) (B) at 78 K. Fluorescence-ratiomap (C) of the intensities in the PS II region to
those in the PS I region. The scale bar represents 40 μm. Theﬂuorescence intensity in the PS II
region is plotted against that of the PS I region (D) in each pixel within the boxes with solid
lines (open circles and open triangles) and the box with a dotted line (crosses) in panel C.
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This slit width gave a spectral resolution of ca. 1.0 nm.
3. Results
3.1. Microscopic distributions of photosystems in mature Zea mays leaves
Fig. 1 (A) and (B) shows typical ﬂuorescence images of a sectioned
mature leaf of Zea mays at 78 K. The scale bar represents 40 μm. The
image in panel (A) was reconstructed using the ﬂuorescence signal ac-
cumulated over the 680–690-nm spectral range, which is mainly emit-
ted from PS II and hereafter designated “FlPS II.” The image in panel
(B), on the other hand, was reconstructed using the PS I ﬂuorescence
over the 725–735-nm spectral range, which is hereafter designated
“FlPS I.” The images in Fig. 1 are the views from a roughly parallel direc-
tion to the vascular bundle (VB). In these images, cell boundaries were
generally not clear because non-ﬂuorescent cell walls were not visible.
Nevertheless, bright areas in the images seemed to be separated into
many parts, in which several bright spots were clustering. Each cluster
may correspond to an individual cell, and each bright spot within a clus-
ter may be an individual chloroplast. VB is observed as a dark hole
around the center surrounded by the bright clusters. The BS cells are
the clusters peripheral to VB, while the MS cells are those located out-
side the nearest neighbor cells to VB. Typical microscopic ﬂuorescence
spectra are shown in Fig. S1 in Supplementary materials. We took gen-
erally onemicroscopic spectrum per single cell that could be recognized
as a cluster of bright spots as shown in Fig. 1. These spectra showed a
smaller PS I ﬂuorescence band at around 735 nm than those of a living
leaf observed by a conventional ﬂuorometer. The prominent 695-nm
band, which is speciﬁc for the isolated PS II preparation, was also absent
in the microscopic spectra. These apparent discrepancies might be
explained by a reduced self-absorption effect under the microscope
measurements.
Although the cell boundaries were not clear in the images, we
could observe the cell differentiation into the BS andMS cells with dif-
ferent optical properties, which is speciﬁc for C4-plants like maize.
Fig. 1(C) shows the ﬂuorescence-ratio map constructed using the im-
ages in panels (A) and (B). Each pixel in the image in Fig. 1(C) contains
the ratio FlPS II/FlPS I of the corresponding pixel in the images in panels
(A) and (B), except for those in which ﬂuorescence signals are less
than a certain threshold value. The threshold was introduced to
avoid divergent results due to divisions by tiny values. The map indi-
cated that the nearest neighboring cells to VB tended to show lower
ratio values than those located outside, suggesting decreased PS II/PS
I ratios in BS cells. In Fig. 1(D), the plots of FlPS II vs. FlPS I are compared
among several regions indicated by the boxes in panel (C). The pixels
in the BS cells showed almost the same PS I ﬂuorescence levels and
signiﬁcantly reduced PS II ﬂuorescence levels, suggesting that the de-
creases in the PS II/PS I ratio in BS cells are mainly due to the suppres-
sion of the PS II content. These observations were reproducible among
independent preparations of the mature leaf sections.
3.2. Pigment distributions in etiolated Zea mays leaves
Fig. 2 shows 78-Kﬂuorescence images of a sectioned etiolated leaf of
Zea mays. The scale bar represents 5 μm. It should be noted that the im-
ages in Fig. 2were representedwith amagniﬁed scale as comparedwith
those in Fig. 1. Reduced-magniﬁcation images are also shown in Fig. S2
in Supplementary materials. The image in panel (A) was reconstructed
using the 632-nm ﬂuorescence, and that in panel (B), using the 655-nm
ﬂuorescence. Each bright spot in panels (A) and (B) indicates an indi-
vidual etioplast, which contains PChld in the 632-nm-emitting form
(PChld632, hereafter) mainly in PT and in the 655-nm-emitting form
(PChld655, hereafter) mainly in PLB.We conﬁrmed that themicroscopic
ﬂuorescence spectra at typical bright spots showed peaks at 632 nm
and 655 nm (typical ﬂuorescence spectra are shown in Fig. S3 inSupplementary materials). The images in Fig. 2 clearly indicated larger
spot sizes for PChld632 than for PChld655. The larger spot sizes for
PChld632 than for PChld655 are also apparent in the ﬂuorescence images
with a reduced magniﬁcation (Fig. S2), in which many ﬂuorescence
spots observed in the 628–638 nm region look more blurry than those
Fig. 2. Typicalﬂuorescencemicroscope images of a sectioned etiolated Zeamays leafmon-
itored in the PT ﬂuorescence region (628–638 nm) (A) and in the PLB ﬂuorescence region
(652–662 nm) (B) at 78 K. The pixel sizewas 0.2 μm×0.2 μmand the scale bar represents
5 μm. The gray and black bars in (C) show the estimated areas of the ﬂuorescence spots
monitored in the 628–638-nm and the 652–662-nm spectral regions, respectively. The
ratios, Area632/Area655, are shown with crosses in (D). The horizontal axis of panels (C)
and (D) shows the running number arbitrarily given to individual spots.
Fig. 3. Typicalmicroscopicﬂuorescence spectra at randomly selected locations of sectioned
Zea mays leaves 1 h after the start of the greening process. The heights of the spectra are
normalized to unity. The solid lines show the ﬁtting curves to Gaussian functions.
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signment based on the biochemical isolation technique [24].
To evaluate the sizes of the bright spots in Fig. 2 more quantita-
tively, we ﬁtted individual spots to 2-dimensional Gaussian functions,
Fl x; yð Þ ¼ A0 þ
A exp
−1
2 1−cor2
  x−x0
σx
 2
þ y−y0
σy
 !2
−2cor x−x0ð Þ y−y0ð Þ
σx⋅σy
( )" #
ð1ÞHere, A0 is the parameter to adjust the background. The contour
line at one-half of the maximum value A forms an ellipse. The size of
the spot was evaluated from the area of the ellipse,
Area ¼ π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 ln2
p
⋅σx⋅σy ð2Þ
In Fig. 2(C), we show the estimated spot areas for PChld632 (gray
bars on left) and for PChld655 (black bars on right), indicating larger
sizes of PChld632 spots. Fig. 2(D) shows the area ratios of the spots of
PChld632 to those of PChld655, which were signiﬁcantly larger than
unity. The estimated average value of the ratio was 1.57 with its stan-
dard deviation of 0.57. Unfortunately, we could not control slight de-
viations of the positions of individual etioplasts from the focal plane.
These deviations may result in the large standard deviation of the
ratio values shown with crosses in Fig. 2(D).
3.3. Microscope imaging of 1-h greening Zea mays leaves
We also observed confocalmicroscope images of sectioned Zea mays
leaves under the greening process. The ﬁrst leaf was harvested from a
seedling during the greening process induced by stationary light irradi-
ation. Leaf sections were prepared by slicing the leaf with a razor blade
under light, immediately setting them in the sample holder of the cryo-
stat, and cooling to 78 K. Approximately 10 min was required for the
above procedure. The sample temperature fell below 200 K within ca.
10 min of the specimen setting. Because greening proceeds during spec-
imen preparation, hereafter, we call the leaf section sample harvested
50 min and 170 min after the start of the greening-inducing light irradi-
ation “1-h greening leaf” and “3-h greening leaf,” respectively.
Fig. 3 shows typical normalized microscopic ﬂuorescence spectra at
randomly selected locations of the 1-h greening Zea mays leaf sections.
The peak wavelengths of the microscopic spectra varied from 678 nm
to 685 nm. Such a large dispersion in the ﬂuorescence peakwavelength
was not observed in themature leaf samples (see Fig. S1). The observed
large peak-wavelength dispersion suggests the existence of multiple
Fig. 4. Typical ﬂuorescencemicroscope images of a sectioned 1-h greening Zeamays leaf
monitored in the shorter-wavelength side (670–680 nm) (A) and in the longer-
wavelength side (680–690 nm) (B) at 78 K. Fluorescence-ratio map (C) of the intensity
in the longer wavelength side (680–690 nm) to that of the shorter wavelength side
(670–680 nm). The scale bar represents 40 μm.
Fig. 5. Typicalmicroscopicﬂuorescence spectra at randomly selected locations of sectioned
3-h greening Zea mays leaves. The heights of the spectra are normalized to unity. The solid
lines show the ﬁtting curves to Gaussian functions.
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having shorter peakwavelengths tended to have larger spectral widths.
Fig. 4(A) and (B) shows typical ﬂuorescence images of a sectioned
1-h greening Zea mays leaf at 78 K. To visualize different distributions
between the shorter-wavelength-emitting and the longer-wavelength-
emitting Chl-a forms, we obtained images using the ﬂuorescence signal
accumulated over the 670–680-nm range (hereafter Fl670–680, panel A)
and over the 680–690-nm range (hereafter Fl680–690, panel B). These
images were viewed from a roughly parallel direction to VB, which
appeared as a dark hole surrounded by bright clusters.
To more clearly visualize the different distributions, we show the
ﬂuorescence-ratio maps in Fig. 4(C). The map is the ratio of the Fl680–690
image (Fig. 4B) to the Fl670–680 image (Fig. 4A). As shown in Fig. 3,
the peak wavelengths of the microscopic ﬂuorescence spectra of the
1-h greening leaves lie at around 680 nm in average. Thus, small peak
shifts of microscopic spectra from 680 nm are expected to be well
reﬂected on the ratiomap. At present, we could obtain ratiomaps includ-
ing the pigment distributions around VB for three independent sections.
The other two are shown in Fig. S4 in Supplementary materials. Unfortu-
nately, the number of samples is rather small, because it is difﬁcult to
stably prepare thin sections of 1-h greening leaves that face their VB
parallel to the optical axis. The comparison of the three ratio maps inFigs. 4 and S4 suggests that the ratio always has a low value in the pe-
ripheral region to VBs, although some stochastic ﬂuctuation in the
ratio value exists. On the other hand, regions distant from the VB
showed relatively high ratio values with some exceptions, for example,
in the regions near leaf surface. Thus, it can be said that the BS cells in
the 1-h greening leaves tended to have ﬂuorescence peaks at shorter
wavelengths, while the MS cells tended to have them at longer wave-
lengths. Differentiation into BS andMS cells with different optical prop-
erties was already in progress 1 h after the start of the greening process.
3.4. Microscope imaging of 3-h greening Zea mays leaves
In Fig. 5, typical microscopic ﬂuorescence spectra are compared at
randomly selected locations of the 3-h greening Zeamays leaf sections.
The electron-transfer active PS I and PS II complexes are known to
have been formed already in this phase of greening, although the de-
gree is still very limited [30–32]. The peak height of the ﬂuorescence
band at around 685 nmwas normalized to unity. The relative intensi-
ties of the PS I ﬂuorescence band at around 735 nm varied among the
microscopic spectra, suggesting a strong dependence of the PS II/PS I
ratio on the cell position. The large dispersion in the relative intensity
of the PS I ﬂuorescence reﬂects the cell differentiation speciﬁc for
C4-plants. On the other hand, the dispersion in the peak wavelength
of the 685-nm ﬂuorescence band was much smaller than that for the
1-h greening samples.
Typicalﬂuorescence images of the 3-h greening Zeamays leaf section
are shown in Fig. 6. Theﬂuorescence imagesweremonitored in the680–
690-nm spectral region (hereafter Fl680–690, panel A) and in the 725–
735-nm PS I spectral region (hereafter FlPS I, panel B). Fig. 6(C) shows
the ﬂuorescence-ratio map of Fl680–690 (Fig. 6(A)) to FlPS I (Fig. 6(B)).
For the 3-h greening leaves, we could obtain ratio maps for three inde-
pendent sections. The number of samples is again rather small, due to
the difﬁculty in the stable preparations of thin sections. The other two
maps are shown in Fig. S5 in Supplementarymaterials. Themaps clearly
revealed the lower Fl680–690/FlPS I ratio around VB. This was also con-
ﬁrmed by the plots of Fl680–690 vs. FlPS I within several regions of the
ratio map as shown in Fig. 6(D). The slopes of the plots in Fig. 6(D)
were much gentler in the nearest neighbor cells to VB, indicating
Fig. 6. Typical ﬂuorescence microscope images of a sectioned 3-h greening Zea mays leaf
monitored in the main ﬂuorescence band (680–690 nm) (A) and in the PS I ﬂuorescence
region (725–735 nm) (B) at 78 K. Fluorescence-ratiomap (C): intensity of themain band
to that of the PS I band. The scale bar represents 40 μm. The ﬂuorescence intensity of the
main band is plotted against that of the PS I band (D) in each pixel within the boxes with
solid lines (open circles and open triangles) and within the boxes with dotted lines (dots
and crosses) in panel C.
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cells. Fig. 6(D) also shows that BS andMS cells have comparable PS Iﬂuo-
rescence levels and that the lower Fl680–690/FlPS I ratios in the BS cells are
due to the suppressed amount of the 685-nm-emitting Chl forms in the
BS cells.4. Discussion
4.1. Spatial resolution of the present study
Here, using confocal microspectroscopy at the cryogenic tempera-
ture, we could clarify different microscopic distributions of PChld/
Chl-a in different states having different optical properties during the
greening process. The observations could not be made without the
use of themicroscope imaging at the cryogenic temperature, where de-
velopments of the greening process could be practically arrested. The
present set-up possessed only a limited spatial resolution especially
for the axial direction, along which FWHM of PSF was about 4.4 μm.
This value is somewhat larger than the theoretically estimated value
of 4.2 μm according to the relation, 1.77λn/(NA)2 with λ and n being
thewavelength of light and the refractive index of the medium, respec-
tively. The mechanical instabilities of the cryostat may slightly degrade
the spatial resolution of the system. The spatial resolution of the present
studywas limited by the lowNA value of the longworking-distance ob-
jective lens, which could be used for observations through thewindows
of the cryostat.
In observations with such a low axial resolution, ﬂuorescence
from volumes adjacent to the focal plane is expected to contaminate
the signal. Nevertheless, we could resolve the different distributions
of pigments in the present study. This is partly because we selected
leaf sections that happened to orient their VB axis parallel to the
light axis. The cell characteristics will change with the distance from
the VB but will not depend so much upon the position along the VB
axis. Thus, the contamination of the background ﬂuorescence would
not degrade so much the lateral resolution. Conceivably, an improved
spatial resolution is of primary importance, and, presently, we are en-
gaged in improving the spatial resolution of the microscope at cryo-
genic temperatures.
4.2. Pigment distribution in PT and PLB
Blomqvist et al. [24] showed that isolated PLB and PT have ﬂuores-
cence peak wavelengths at around 655 and 632 nm, respectively. The
early EM images clariﬁed a granular form of typical PLBs and typical
structures of PT radially extending fromPLB. Thepresentmicroscope im-
aging of etiolated leaves revealed, for the ﬁrst time, the larger size of the
PChld632 than the PChld655 ﬂuorescence spot in vivo. This observation
was consistent with previous ﬁndings based on the biochemical isola-
tion of PLB and PT and the EM observations. We expected to observe a
dip around the center of the PChld632 ﬂuorescence spot, as indicated
by the radial extension of PT from PLB and absence of PChld632 in PLB.
However, such a dip was not observed for the PChld632 spots, probably
because of the poor spatial resolution of the present set-up. To evaluate
the effect of the poor resolution,we simulated the expectedﬂuorescence
images assuming model pigment distributions in PLB and PT. One has a
spherical pigment distribution with a diameter of 1.2 μm (model for
PLB), and the other has a spherical distribution with a diameter of
2.4 μm and a vacant core with a diameter of 1.2 μm (model for PT). All
the spheres were assumed to be concentric. The expected ﬂuorescence
images were calculated by convolution of these model distributions
with PSF of the present set-up. The above simulation conﬁrmed that
the dip was ﬁlled up after the convolution (data not shown).
4.3. Cell differentiation and assembly intermediates of photosystems
In the present study, we clearly resolved the different PS II/PS I ra-
tios between the BS and MS cells by the microscope observations of
sectioned mature Zea mays leaves. The PS II/PS I ﬂuorescence ratio
was conﬁrmed to be lower in the BS than in theMS cells by an approx-
imate factor of 4, whichwas quite consistent with the reported PS II/PS
I ratio estimated by biochemical assays [33]. Fig. 1(D) clearly showed
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content but not to the increased PS I level in the BS cells.
Fig. 5 demonstrates that 3-h illumination to an etiolated seedling
induces a 735-nm ﬂuorescence band. This observation is in line with
the previous report by Dreyfuss and Thornber [34]. The ﬂuorescence
band at 735 nm is speciﬁc for PS I-LHC I or LHC I [35], while the PS I
core complex deﬁcient in its peripheral antennae has been considered
to have a ﬂuorescence peak at around 725 nm at 80 K [36]. Thus, here,
we assume that the 735-nm ﬂuorescence band observed for the 3-h
greening leaves is emitted from the red-most Chl(s) in the PS I-LHC I
complex or, possibly, free LHC I isolated from the PS I core complex.
The amount of LHC I in this stage is still very low. Its ﬂuorescence
emission was observable in spite of the low amount probably because
of its high ﬂuorescence quantum yield at 78 K. At any rate, the obser-
vation clearly shows the formation of the mature PS I after 3-h
continuous illumination.
Here, we assume that the relative intensity of the 735-nm ﬂuores-
cence band is positively correlated with the level of the PS I core com-
plex accumulation. The ﬂuorescence-ratio map in Fig. 6(C) suggests
that higher relative intensities of the 735-nm band were obtained in
the cells peripheral to the VB while lower values were observed in
the cells distant from the VB. This suggested that 3-h illumination to
an etiolated seedling leads to differentiation into the BS and MS cells
with different PS II/PS I ratios. Although the BS cells in the 3-h green-
ing leaf showed 735-nm emission bands, their relative intensities
were still lower than those observed for typical cells of a mature leaf
(Fig. S1). This may reﬂect the fact that cells in this stage are still devel-
oping and the majority of Chls are associated with precursor com-
plexes to the mature photosystems. The main ﬂuorescence band at
around 683 nm can be attributed to the precursor complexes.
The main ﬂuorescence band of the 3-h greening leaf had a peak
wavelength ranging from 680 to 684 nm. The contribution frommatureFig. 7. The spectral widths of microscopic ﬂuorescence spectra are plotted against their peak wa
obtained spectra (see text) at randomly selected locations in the sectioned Zeamays leaves 1 h af
(crosses), and inmature Zea mays leaves (closed circles). Panels A and C show the distributions
A-1 and C-1 for the mature Zea mays leaves, A-2 and C-2 for the 3-h greening Zea mays leaves,PS II core complexes to this band should be onlyminor. This interpre-
tation is based on the fact that the mature PS II core complex fully
equipped with the core antennae, CP43 and CP47, has the character-
istic emissionwith double peaks at 685 nm and 695 nm. The 695-nm
band, which was emitted from CP47 [37–41], is absent in the spectra
shown in Fig. 5. Although the microscopic ﬂuorescence spectra of the
mature leaf sections do not show prominent 695-nm bands (Fig. S1),
their peak wavelengths are observed at much longer wavelength
around 685 nm than those of the 3-h greening leaf. Thus, we assume
that the majority of PS II in this 3-h greening stage is still in a form
deﬁcient in the mature core antennae and in a similar form to the
so-called PS II–RC complex. This interpretation is in agreement
with the observation by Rokka et al. [21] indicating that the ﬁrst
detectable intermediate of the PS II assembly has a similar subunit
composition to that of PS II-RC.
The present study reveals larger variabilities of microscopic spec-
tral proﬁles of the main band at around 680 nm for greening leaves
than for mature leaves. A comparison of Fig. 3 with Fig. 5 suggests
that the dispersion in the spectral properties of this main band is the
largest for the 1-h greening leaf and decreases through the greening
process. To evaluate the spectral variability more quantitatively, we
ﬁtted each microscopic spectrum to a Gaussian curve and estimated
its band width and peak wavelength. The solid lines in Figs. 3, 5, and
S1 show the ﬁtting curves. The band width vs. peak wavelength
plots of the microscopic spectra is shown in Fig. 7(B), which includes
143, 126, and 47 points for 1-h greening, 3-h greening, and mature
leaf samples, respectively. All the microscopic spectra were measured
at randomly selected 5 to 10 positions within a ﬂuorescence image.
We ensured the randomness of the selection bymeasuring onemicro-
scopic spectrum per single cell as long as we could recognize the cell
boundary. Fig. 7(A) and (C) shows the distributions of the peak wave-
lengths and the widths of the microscopic spectra. These distributionsvelengths (B). The values were estimated from the Gaussian ﬁttings of the experimentally
ter the start of thegreeningprocess (open circles), 3 h after the start of thegreening process
of the peak wavelengths and the widths of microscopic ﬂuorescence spectra, respectively:
and A-3 and C-3 for the 1-h greening Zea mays leaves.
Table 1
statistics of the spectral properties of greening and mature Zea mays leaves.
1-h greening
(143)
3-h greening
(126)
Mature (47)
Average peak wavelength [nm] 681.0±1.4 682.7±1.0 684.4±0.8
Average band width [nm] 13.4±2.9 14.3±1.7 14.1±0.7
The values in parenthesis are the sample sizes.
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ing leaves decreases as the greening proceeds. The averaged peak
wavelengths, band widths, and their dispersions are listed in Table 1.
It is clear that the 1-h greening leaf displayed the largest dispersions
for both the band width and the peak wavelength. The points with
open circles in Fig. 7(B) for the 1-h greening can be roughly divided
into two groups. One has an averaged peak wavelength at 679 nm
and band width of 16 nm (surrounded with the dashed ellipse), and
the other has an averaged peak wavelength at 682 nm and band
width of 12 nm (surrounded with the dotted ellipse).
The ﬂuorescence-ratio maps of the 1-h greening leaves in Figs. 4
and S4 showed that microscopic ﬂuorescence spectra with peaks at
shorter wavelengths tended to be observed in the BS cells neighboring
the VB. Exceptions to the above tendency are seen, for example, at
around the leaf-surface, in which the ratios of longer- to shorter-
wavelength-emitting ﬂuorescence intensities are as low as in the
VB-neighboring regions. It is not clear what is the origin of the low
ratio values around the leaf surface. Higher intensity of the greening-
inducing light might cause the exceptional low ratio values in the re-
gion near the surface. The above results, albeit the exceptions and
the small sampling size, are consistent with a report by Marchand et
al. [33], in which the isolated BS cells from etiolated Zea mays showed
the ﬂuorescencemaxima at around 677 nm90 min after the ﬂash illu-
mination, while the MS cells showed the ﬂuorescence maxima at
around 681 nm in the same condition. The former 677-nm emitting
pigment form seems to correspond to the Chl-a group surrounded
with the dashed ellipse in Fig. 7(B), and the latter, to that surrounded
with the dotted ellipse. Mixtures of ﬂuorescence from different forms
may result in a slight shift of the ﬂuorescencemaximum for each Chl-a
group from the reported value in the literature [33]. Marchand et al.
interpreted that the ﬂuorescence spectra with the maximum at
681 nm are emitted from the precursors to PS II, which develop after
the long-wavelength (693 nm)-emitting form induced 15 min after
ﬂash irradiation to an etiolated plant. The 693-nm-emitting form
was interpreted to be the intermediate on the pathway leading to
the PS II assembly [17], and was missing in BS cells of the etiolated
Zea mays [33].
The 679-nm-emitting Chl-a form (the group surrounded with the
dashed ellipse in Fig. 7(B)) is accumulated mainly in the BS cells. This
assignment is based on the ratio maps in Figs. 4 and S4, showing the
accumulation of the shorter-wavelength-emitting form near the VB.
Here, we tentatively assign this form to be related to intermediates
leading to the PS I assembly. There have been only a few reports
about the assembly intermediates of PS I so far. Ycf4 has been consid-
ered to be an essential component assisting the assembly of PS I in a
green alga, C. reinharditi [20,23,42]. Ozawa et al. puriﬁed a large
(>1500 kD) Ycf4-contanining complex containing the PS I polypep-
tides, PsaA to PsaF, and several other subunits [23]. They proposed a
model of PS I assembly in C. reinharditi, in which the large complex
containing Ycf4 is assumed to play a key role as a molecular chaperone.
It is an important future work to compare the optical properties of the
PS I assembly intermediates in C. reinharditi with those observed in
the BS cells of the 1-h greening leaves in the present study.
The 679-nm-emitting form, showing higher accumulation in the BS
cells, had a broader bandwidth than the 682-nm-emitting one that was
mainly assigned to theMS cells. This is a puzzling ﬁnding, as the spectralband widths were expected to be broader for the MS than for the BS
cells because the former contain mixed contributions from the precur-
sors to both PS I and PS II while the latter contain those mainly from
the PS I precursors. A possible explanation for the observed broader
spectral width for the BS cells is that the PS I intermediates had broader
ﬂuorescence spectral widths as well as much lower ﬂuorescence quan-
tum yield than the PS II intermediates. Due to the low ﬂuorescence
quantum yield of the PS I intermediates, the ﬂuorescence from the MS
cells is dominated by the contribution from the PS II intermediates
having smaller ﬂuorescence spectral widths.
5. Conclusions
In the present study, we applied for the ﬁrst time the cryogenic
confocal microspectroscopy to observations of Zea mays leaves under
the greening process. The study revealed larger sizes of the ﬂuores-
cence spots attributed to PChld632 than those attributed to PChld655.
Thus, the assignments of PChld632 and PChld655, respectively, to PT
and PLB could be validated by the present in vivo measurement. We
also succeeded in carrying out in vivo spectroscopic measurements
of the cell differentiation process in a C4-plant Zea mays through the
greening process. The ﬂuorescence spectroscopic properties were
conﬁrmed to be different between the BS and MS cells already in the
1-h greening stage. The Chl-a forms observed mainly in the BS cells
might be attributable to the PS I precursors.
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